How biological systems such as proteins achieve robustness to ubiquitous perturbations is a fundamental biological question. Such perturbations include errors that introduce phenotypic mutations into nascent proteins during the translation of mRNA. These errors are remarkably frequent. They are also costly, because they reduce protein stability and help create toxic misfolded proteins. Adaptive evolution might reduce these costs of protein mistranslation by two principal mechanisms. The first increases the accuracy of translation via synonymous "high fidelity" codons at especially sensitive sites. The second increases the robustness of proteins to phenotypic errors via amino acids that increase protein stability. To study how these mechanisms are exploited by populations evolving in the laboratory, we evolved the antibiotic resistance gene TEM-1 in Escherichia coli hosts with either normal or high rates of mistranslation. We analyzed TEM-1 populations that evolved under relaxed and stringent selection for antibiotic resistance by single molecule real-time sequencing. Under relaxed selection, mistranslating populations reduce mistranslation costs by reducing TEM-1 expression. Under stringent selection, they efficiently purge destabilizing amino acid changes. More importantly, they accumulate stabilizing amino acid changes rather than synonymous changes that increase translational accuracy. In the large populations we study, and on short evolutionary timescales, the path of least resistance in TEM-1 evolution consists of reducing the consequences of translation errors rather than the errors themselves. molecular evolution | mutational robustness | phenotypic mutations | protein stability | antibiotic resistance P rotein synthesis or translation is a key step in genetic information processing. Despite being fundamental to all cellular life, translation is remarkably error prone. Mistranslation events are estimated to occur once per 10 2 -10 4 codons (1-3). When mRNA is mistranslated, synthesized proteins carry phenotypic mutations in positions where ribosomes incorrectly decoded the mRNA. A pool of proteins with such phenotypic mutations, also called statistical proteins (4), can differ from error-free proteins in sequence, structure, and function.
How biological systems such as proteins achieve robustness to ubiquitous perturbations is a fundamental biological question. Such perturbations include errors that introduce phenotypic mutations into nascent proteins during the translation of mRNA. These errors are remarkably frequent. They are also costly, because they reduce protein stability and help create toxic misfolded proteins. Adaptive evolution might reduce these costs of protein mistranslation by two principal mechanisms. The first increases the accuracy of translation via synonymous "high fidelity" codons at especially sensitive sites. The second increases the robustness of proteins to phenotypic errors via amino acids that increase protein stability. To study how these mechanisms are exploited by populations evolving in the laboratory, we evolved the antibiotic resistance gene TEM-1 in Escherichia coli hosts with either normal or high rates of mistranslation. We analyzed TEM-1 populations that evolved under relaxed and stringent selection for antibiotic resistance by single molecule real-time sequencing. Under relaxed selection, mistranslating populations reduce mistranslation costs by reducing TEM-1 expression. Under stringent selection, they efficiently purge destabilizing amino acid changes. More importantly, they accumulate stabilizing amino acid changes rather than synonymous changes that increase translational accuracy. In the large populations we study, and on short evolutionary timescales, the path of least resistance in TEM-1 evolution consists of reducing the consequences of translation errors rather than the errors themselves. molecular evolution | mutational robustness | phenotypic mutations | protein stability | antibiotic resistance P rotein synthesis or translation is a key step in genetic information processing. Despite being fundamental to all cellular life, translation is remarkably error prone. Mistranslation events are estimated to occur once per 10 2 -10 4 codons (1-3). When mRNA is mistranslated, synthesized proteins carry phenotypic mutations in positions where ribosomes incorrectly decoded the mRNA. A pool of proteins with such phenotypic mutations, also called statistical proteins (4) , can differ from error-free proteins in sequence, structure, and function.
Comparative genomics studies show that mistranslation can help explain why highly expressed proteins evolve slowly (5) (6) (7) (8) . All else being equal, highly expressed genes experience more translation events, and thus give rise to a higher number of mistranslated proteins (6, 7) . Mistranslation is costly because it can destabilize proteins, and increases proteotoxic stress by promoting protein misfolding and aggregation (2, 9, 10) .
Natural selection can reduce mistranslation costs via two nonmutually-exclusive groups of mechanisms. The first increases translational accuracy, i.e., it reduces the rate at which translational errors occur. A global increase in accuracy, for example through hyper-accurate ribosomes, affects all proteins but comes with high energetic and kinetic costs (11) . Alternatively, translational accuracy can increase locally at amino acid sites where (phenotypic) mutations would cause the largest fitness defects (12) . This increase is possible through synonymous mutations toward codons with a low propensity for mistranslation (1, 13, 14) .
A second group of mechanisms does not reduce mistranslation itself, but mitigates its deleterious consequences, and thus increases the translational robustness of proteins. Some errormitigation mechanisms are global and affect many proteins. They include chaperones that can help proteins fold even if they harbor destabilizing mutations (15) . In contrast to such global mechanisms, which can become overwhelmed when mistranslation rates are high, local mechanisms are less costly. They rely on (genetic) mutations called suppressors, which increase the stability of a single protein, and thus buffer destabilizing effects of other (phenotypic) mutations (16) (17) (18) .
The only experimental study of protein evolution under phenotypic mutations focused on errors in transcription (19) . It could not answer whether proteins evolve to reduce the mutational load of mistranslation by increasing their translational accuracy, or by mitigating the effect of errors resulting from such accuracy. Here, we address this question by evolving genes encoding the antibiotic resistance protein TEM-1 β-lactamase in strains of E. coli with different rates of mistranslation. We also ask whether relaxed and stringent selection for antibiotic resistance affect the adaptation to elevated mistranslation in different ways. Under relaxed selection, mistranslating populations adapt by reducing TEM-1 expression through inefficient initiation codons, which lowers the cost of mistranslation. Under stringent selection, where reducing gene expression would be detrimental, populations increase translational robustness by accumulating stabilizing and purging destabilizing single nucleotide polymorphisms (SNPs).
Significance
Translation is a fundamental biochemical process in which ribosomes use an mRNA's nucleotide sequence as a template to synthesize a protein with a specific amino acid sequence. Errors in this process are deleterious because they can alter a protein's structure. Yet such errors are surprisingly frequent. Here we ask whether and how evolution can affect the ability of proteins to cope with these errors. In principle, evolution could reduce the rate of such errors, or it could leave this rate unchanged but reduce the damaging effects of errors. We find that populations of proteins evolving in the laboratory pursue the second route, increasing their robustness to translation errors. Evolution may preferentially mitigate damage to a biological system than reduce the source of this damage.
Results
To study how proteins adapt to mistranslation in evolving laboratory populations, we experimentally evolved TEM-1 β-lactamase independently in two E. coli strains, the wild type, and the mistranslating, or error-prone rpsD12 strain (Fig. 1) . The errorprone strain carries a mutation in the ribosomal protein S4, which results in increased missense, readthrough, and frameshift (phenotypic) mutations during protein synthesis (1) . Specifically, we evolved TEM-1 in populations of 10 8 -10 9 individuals for eight cycles of PCR-based mutagenesis and selection (Fig. 1) , with four replicate populations for each of the two host strains and each of the two selection conditions (relaxed: 25 μg mL −1 ampicillin; stringent: 250 μg mL −1 ampicillin). We also evolved two replicate control populations per strain. These populations were mutagenized in the same way as evolved populations, but experienced no selection for β-lactamase activity. We sequenced more than 500 evolved molecules per population using single molecule real-time (SMRT) sequencing (20) (SI Appendix, Table S1 ).
From the sequenced library of ancestral TEM-1 (395 sequences), we estimated the compound sequencing and variant calling error rate as 4.4 × 10 −5 per nucleotide. In control libraries (4,567 variants), we observed an average of 0.73 mutations per variant, implying a mutation rate of ≈ 8 × 10 −4 per nucleotide. Consistent with reports from previous studies (21, 22) , our mutagenesis protocol is A → G and T → C biased (SI Appendix, Table S2 ).
Mistranslation Slows down TEM-1 Evolution. The TEM-1 protein has two parts: the N-terminal signal peptide (the first 25 residues in Ambler numbering; ref. 23) , and the mature enzyme. The signal peptide guides the translocation of TEM-1 to the periplasmic space. Once translocation is complete, the signal sequence is cleaved and the mature TEM-1 folds into its active conformation. The signal peptide controls the expression, and the localization of TEM-1. We observe that SNPs in the signal peptide have frequencies up to ≈ 26% (SI Appendix, Fig. S1 and Table S7 ). In contrast, SNPs in the mature part of TEM-1 all have frequencies below 5% (SI Appendix, Fig. S1 and Tables S5  and S6) .
Next, we compared the average number of SNPs per TEM-1 variant among the two strains. Wild-type populations have a higher relative frequency of variants with more SNPs than errorprone populations ( Fig. 2A) , and selection makes this difference more pronounced. Specifically, under relaxed selection, wildtype and error-prone populations have different estimated means Fig. 1 . Experimental evolution of TEM-1 under mistranslation. In each round of evolution, we subjected TEM-1 to mutagenic PCR and recloned the resulting mutant alleles into a fresh plasmids backbone, thus ensuring that only the TEM-1 evolves in our experiments. We transformed plasmids with mutagenized TEM-1 into host cells (wild type or error prone), and exerted relaxed and stringent selection for antibiotic resistance by growing 10 8 -10
9 transformed hosts in liquid LB media with ampicillin (25 or 250 μg mL −1 , respectively). Subsequently, we isolated plasmids and used them as templates for the next round of evolution. We evolved 4 replicate populations per host and per selection regime, for a total of 16 populations. After eight cycles of evolution, we subjected evolved TEM-1 populations to SMRT sequencing. The accumulation of nonsynonymous SNPs in mature TEM-1 proteins (Fig. 2B, black) shows that error-prone populations are under stronger purifying selection. Specifically, under relaxed selection, error-prone populations accumulated significantly fewer nonsynonymous SNPs per variant than wild-type populations (1.76 vs. 2.01 nonsynonymous SNPs per variant; Wald test, GLM, z = 8.81, P < 0.001). Under stringent selection, this difference became even more pronounced (1.51 vs. 1.90 nonsynonymous SNPs per variant; Wald test, GLM, z = 13.81, P < 0.001). In addition, the ratio of nonsynonymous to synonymous SNPs was significantly lower in error-prone lines, indicating stronger purifying selection under both selection regimes (relaxed selection: 0.83 vs. 0.95 for mistranslating and for wild-type populations, respectively; Wald test, GLM, z = 8.20, P < 0.001; stringent selection: 0.71 vs. 0.87; Wald test, GLM, z = 11.4, P < 0.001). Further evidence for stronger selection under mistranslation comes from the distribution of fitness effects of nonsynonymous SNPs, where error-prone populations are depleted of deleterious, and enriched in neutral and beneficial nonsynonymous SNPs (SI Appendix, Fig. S4 ).
As opposed to these indicators of purifying selection, the mean number of synonymous SNPs per variant did not differ significantly between error-prone and wild-type populations ( Fig.  2B in orange; relaxed selection: 2.12 vs. 2.14 syn. SNPs, Wald test, GLM, z = −0.51, P ≈ 1; stringent selection: 2.18 vs. 2.13, Wald test, GLM, z = 1.39, P = 0.32). Taken together, our observations show that the nonsynonynmous SNPs we observe are subject to purifying selection associated with error-prone translation. In contrast, synonymous SNPs accumulate neutrally with respect to mistranslation, contrary to what one would expect if there was strong selection for increased translational accuracy through high-fidelity synonymous SNPs in our experimental system.
TEM-1 Adapts to Mistranslation through Increased Stability and
Changes in Expression. To see how mistranslation affects the robustness of evolved proteins, we first predicted the stability effects of observed SNPs using FoldX (24) . FoldX can compute the thermodynamic impact of a mutation, expressed as ΔΔG, where a mutation with ΔΔG < 0 is stabilizing. Error-prone populations accumulated more stabilizing SNPs and fewer destabilizing SNPs, a difference that is once again more pronounced under stringent selection ( Fig. 3A ; Wilcoxon rank-sum test, twosided P < 0.001 for both relaxed and stringent selection).
To validate computational predictions of FoldX, we compiled a list of mutations known from experiment to either increase or decrease the stability of TEM-1 (16-18, 22, 25-32) . TEM-1 in error-prone populations accumulated significantly more stabilizing SNPs than in wild-type populations, and it did so for both selection regimes ( Fig. 3B ; relaxed selection: 17.1% vs. 14.8%, Wald test, GLM, z = −5.02, P < 0.001; stringent selection: 21.6% vs. 16.7%, Wald test, GLM, z = −9.17, P < 0.001). At the same time, error-prone populations accumulated fewer destabilizing SNPs compared with wild-type populations ( Fig. 3C ; relaxed selection: 3.2% for error-prone, 4.8% for wild-type, Wald test, GLM, z = 6.67, P < 0.001; stringent selection: 2.1% for errorprone populations, 3.9% for wild-type populations, Wald test, GLM, z = 7.61, P < 0.001). Furthermore, the well-known stabilizing mutation M182T is the nonsynonymous SNP with the highest frequency in two populations under mistranslation and stringent selection (SI Appendix, Table S5 ). No significant differences exist in the accumulation of synonymous SNPs at sites where mutations are known to affect stability (SI Appendix, Fig. S5 ).
SNPs found at the initiation codon (within the signaling peptide), have the highest frequencies in our dataset (Fig. 3 D and E; SI Appendix, Table S7 ). Under relaxed selection, sequences evolved in error-prone hosts are more likely to have non-ATG initiation codons (Fig. 3D, 38 .6% vs. 31.1%, Wald test, GLM, z = −9.27, P < 0.001), which reduce efficiency of translation initiation (33, 34) . In contrast, under stringent selection, sequences evolved in wild-type hosts are more likely to have non-ATG initiation codons ( Fig. 3E; 20 .0% vs. 10.7%, Wald test, GLM, z = 14.21, P < 0.001).
Mistranslating Populations Accumulate Nonsynonymous SNPs in Surface Residues. We next examined where in the TEM-1 tertiary structure SNPs accumulated during evolution (Fig. 4) . In general, mutations that affect a protein's core tend to be more destabilizing than mutations of surface residues (35) . Core residues are buried and have a low solvent-accessible surface area (SASA), and surface residues have high SASA. We computed SASA for each of the residues affected by SNPs, and found that residues with higher SASA tend to be enriched in nonsynonymous SNPs in error-prone populations, relative to wild-type populations (relaxed selection: Wilcoxon rank-sum test, two-sided P < 0.001; stringent selection: Wilcoxon rank-sum test, two-sided P < 0.001; Fig. 4 B in black and C). In contrast, distributions of SASA for residues harboring synonymous SNPs did not differ between errorprone and wild-type strains (relaxed selection: Wilcoxon rank-sum test, two-sided P ≈ 1; stringent selection: Wilcoxon rank-sum test, two-sided P = 0.56; Fig. 4B in orange).
Discussion
We find first that mistranslation can indeed affect the rate of protein evolution. Specifically, error-prone populations accumulate fewer nonsynonymous changes, and show a lower ratio of nonsynonymous to synonymous changes. This pattern of evolution is readily explained through the observation that most nonsynonymous mutations destabilize proteins (35, 36) . In populations subject to high rates of mistranslation, proteins harboring such destabilizing mutations suffer additional destabilizing effects from phenotypic mutations, and thus become even more destabilized. In such populations, a greater fraction of nonsynonymous mutations should thus get eliminated by natural selection, just as we observed. Also consistent with our observation is that those nonsynonymous changes that survive high rates of mistranslation occur preferentially on the TEM-1 surface (Fig. 4 B and C) where they are less likely to be destabilizing (35) .
Second, several lines of evidence show that cells adapt to mistranslation by reducing TEM-1 mistranslation costs (Fig. 5) . They do so with two different strategies, depending on whether selection for antibiotic resistance is relaxed or stringent. Under relaxed selection (low ampicillin concentrations), error-prone populations reduce TEM-1 expression by adopting inefficient non-ATG initiation codons, which reduce the cost of misfolding by reducing TEM-1 expression (Fig. 5 ). Changes in initiation codons have the highest frequency among all SNPs we observed ( Fig. 3 D and E; SI Appendix, Table S7 ). Such changes are known to reduce TEM-1 expression and with it the cost of mistranslation. Specifically, the GTG initiation codon, which is used in about 14% of E. coli genes (37) has a 1.5-3 times lower initiation efficiency than ATG (33) . Similarly, ACG can serve as an initiation codon (37), but its initiation efficiency is only 1-3% of that of ATG (34) . In addition, both GTG and ACG initiation codons are frequently observed in comprehensive TEM-1 mutagenesis libraries selected at low levels of ampicillin (38) . Reducing the concentration of TEM-1 is a simple strategy to mitigate mistranslation costs, but it is only viable where amounts of ampicillin are so low that TEM-1 expression can be reduced without adverse effects.
In contrast, under stringent selection (high antibiotic concentration), a high concentration of active TEM-1 is needed to degrade ampicillin. In this condition, mistranslating lines, where a fraction of functional TEM-1 is already lost to mistranslation, should not be able to reduce TEM-1 expression much further. This prediction is borne out by our observation that error-prone lines are more likely to use the standard ATG initiation codon under stringent selection. A related observation was made in experiments with elevated mistranscription rates (19) , where transcription with error-prone RNA polymerase reduces the effective expression of TEM-1, and populations with increased mistranscription adapted to higher concentrations of ampicillin by increasing TEM-1 expression.
Error-prone populations subject to stringent selection (high ampicillin concentration) mitigate the effects of mistranslation not by reducing TEM-1 expression, but by accumulating stabilizing and depleting destabilizing mutations in TEM-1 ( Fig. 3 A  and B) . Remarkably, the change with the highest frequency in our mistranslating populations is the well-known M182T substitution (SI Appendix, Table S5 ). Frequently observed in natural TEM-1 isolates and in laboratory evolution experiments (30), M182T increases the stability of TEM-1, making it more robust to genetic mutation and denaturation (36) . In addition, errorprone populations are impoverished relative to wild type in predicted and known destabilizing SNPs in TEM-1 ( Fig. 3 A and C). Furthermore, they have especially few nonsynonymous SNPs in the TEM-1 core, where amino acid changes would be strongly destabilizing (Fig. 4) . In other words, mistranslation causes efficient purging of destabilizing mutations.
In sum, we find that under laboratory conditions evolving proteins adapt to mistranslation by mitigating the damage it causes. Our observations are consistent with previous experiments showing that increased mistranscription rates (19) can lead to increases in protein stability (32) . Our third observation pertains to whether evolution alters the robustness or the accuracy of translation. Specifically, does TEM-1 evolve increased translational accuracy, which can occur by synonymous changes toward high-fidelity codons? Our observations suggest that, at least in our experimental system, the answer is no. First, synonymous SNPs do not generally accumulate at a higher rate in error-prone populations. Second, the incidence of synonymous SNPs at sites where mutations are known to have stabilizing effects is not greater in error-prone populations. Third, the incidence of synonymous SNPs at sites where mutations have destabilizing effects is not lower in errorprone populations. Finally, the incidence of synonymous SNPs in codons adjacent to those with known stability effects does not differ between error-prone and wild-type populations (SI Appendix, Fig. S5 ). These findings are consistent with theoretical predictions that adaptation to mistranslation may predominantly occur through increased translational robustness, because robustness provides bigger benefits and is thus easier to evolve (7, 8) . They are also rendered plausible by two further observations. First, the number of known stabilizing and destabilizing amino acid changes is large (SI Appendix, Supplementary Methods S3.13), which implies that evolutionary modulation of protein stability is easily achieved. Second, once a stabilizing SNP reduces the destabilizing effects of mistranslation, further selection for high fidelity synonymous SNPs will be less effective (39) .
The conditions of our experimental evolution differ from those experienced by many natural populations. For example, our experimental design imposed strong selection (high antibiotic concentrations), a high mutation rate, and large populations, as well as few ( ≈ 50) cell generations. The last condition is especially important, because the evolution of synonymous changes may require many more generations (40) . These differences may help explain why selection for translational accuracy can be effective in some natural populations, even though it was not effective in our experiments (7, (41) (42) (43) .
Error-prone protein translation has occurred since life's earliest days (4) , and it has contributed to the evolution of a robust genetic code (44) . Our observations demonstrate that it can still influence the structure of modern proteins. The path of least evolutionary resistance in laboratory-evolved TEM-1 reduces the consequences of errors rather than the errors themselves.
Materials and Methods
For detailed description of experimental procedures, see SI Appendix.
Strains and Plasmids. The wild-type and the error-prone hosts were derived from E. coli strain MG1655, and were isogenic except for the rpsD allele. That is, the error-prone host carried an rpsD12 allele (45) , and the wild-type had a normal rpsD allele. We used the high-copy number plasmid pHS13T (SI Appendix, Fig. S6B ), derived from pHSG396 (46) , which carries a chloramphenicol resistance marker, as the vector for TEM-1 evolution.
Directed Evolution. To mutagenize the TEM-1 population, we used error-prone PCR with nucleoside analogs (21) . After PCR, we digested, purified, and ligated the mutagenized TEM-1 sequences into fresh plasmid backbones. Subsequently, we transformed the ligation product into electrocompetent DH5α 
6 sequences. After recovering the transformed cells, we grew them overnight in LB media supplemented with 34 μg/mL of chloramphenicol, purified plasmids (preselection libraries) from these overnight cultures, and transformed these libraries into electrocompetent rpsD12 or wt cells (library sizes: 10 8 -10 9 sequences). We allowed recovered transformants to grow for approximately six generations in LB media supplemented with 34 μg/mL chloramphenicol (for plasmid maintenance), as well as either 25 or 250 μg/mL of ampicillin, for relaxed and stringent selection regime, respectively. After purifying plasmids from the resulting postselection libraries, we used them as templates in the next round of evolution, as well as for single molecule realtime sequencing.
Primary Data Analysis. We assembled consensus reads (referred to as variants in the manuscript) of TEM-1 sequences from subreads ( ≈ 13.5 passes per consensus TEM-1 variant) with the SMRTAnalysis v2.3 package. We mapped reads to the reference (ancestral) TEM-1 sequence using BLASR (47) , and filtered mapped reads that spanned the entire TEM-1 coding region to an average Phred quality above 20. We considered a mismatch of a TEM-1 variant sequence to the TEM-1 reference sequence a true SNP only if its Phred quality score was above 20.
Statistical
and the host strains (wild-type, error-prone). We report the estimated means of quasi-Poisson models for count data (number of SNPs) and estimated proportions (such as dN/dS ratios) of quasi-binomial models. For comparisons involving GLMs, we indicate the z value of the corresponding Wald test statistic and the corresponding P value, which we adjusted for multiple testing with the Holm-Bonferroni procedure. We took the grouping of the data in four replicate populations into account via an extension to generalized linear mixed models (49) . However, based on model diagnostics, we decided to report the estimates of the GLMs. Further details on the statistical methods are given in SI Appendix, Supplementary Methods S3.12. 
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Mistranslation drives the evolution of robustness in TEM-1 β-lactamase
Sinisa Bratulic, Florian Gerber, Andreas Wagner Figure S4 : Distribution of fitness effects (DFE) for SNPs in evolved populations. Each SNP was assigned a fitness value taken from experimental data in [38] . (A) DFE for nonsynonymous SNPs. Grey density curve shows the DFE of all nonsynonymous mutations from the published dataset [38] . Each of the colored density curves (see the legend) is based on pooled data from four replicate evolved populations. These curves show that error-prone populations experience more efficient purging of deleterious nonsynonymous SNPs, and enrichment in neutral and beneficial SNPs. (B) DFE for synonymous SNPs. Grey density curve shows the DFE of all synonymous mutations from the published dataset [38] n.s.
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n.s. Table S5 : The ten nonsynonymous SNPs with the highest frequency in the dataset that affect the mature TEM-1. The position is given in Ambler numbering [23] . Reference and SNP refer to the amino-acid found in the ancestral TEM-1 and the evolved population, respectively. The frequency is the ratio between the number of times a SNP is observed and the total number of sequences from the population Table S7 : Variants from the signal peptide with the highest frequency in evolved populations. The position is given in Ambler numbering [23] . Reference and SNP refer to the codon found in the ancestral TEM-1 and the evolved population, respectively. The frequency is the ratio between the number of times a SNP is observed and the total number of sequences in the population. Barcode  BC01  GGTAGGAGCAATGTAAAACGACGGCCAGT  AGCAAT  BC02  GGTAGGCCTGTTGTAAAACGACGGCCAGT  CCTGTT  BC03  GGTAGGGGGTTTGTAAAACGACGGCCAGT  GGGTTT  BC04  GGTAGGGAAGGCGTAAAACGACGGCCAGT  GAAGGC  BC05  GGTAGGATCTCAGTAAAACGACGGCCAGT  ATCTCA  BC06  GGTAGGATGGATGTAAAACGACGGCCAGT  ATGGAT  BC07  GGTAGGATGTCTGTAAAACGACGGCCAGT  ATGTCT  BC08  GGTAGGCGTGACGTAAAACGACGGCCAGT  CGTGAC  BC17  GGTAGGCGATGCGTAAAACGACGGCCAGT  CGATGC  BC18  GGTAGGGATAGCGTAAAACGACGGCCAGT  GATAGC  BC19  GGTAGGGTCAGAGTAAAACGACGGCCAGT  GTCAGA  BC20  GGTAGGTTAAGCGTAAAACGACGGCCAGT  TTAAGC  BC21  GGTAGGAACCTGGTAAAACGACGGCCAGT  AACCTG  BC22  GGTAGGCTTTGCGTAAAACGACGGCCAGT  CTTTGC  BC23  GGTAGGTGGAGAGTAAAACGACGGCCAGT  TGGAGA  BC24  GGTAGGAATTGTGTAAAACGACGGCCAGT  AATTGT  BC25  GGTAGGTGACGAGTAAAACGACGGCCAGT  TGACGA  BC26  GGTAGGCAAATAGTAAAACGACGGCCAGT  CAAATA  BC29  GGTAGGGTTGGGGTAAAACGACGGCCAGT  GTTGGG  BC30  GGTAGGGCTTAGGTAAAACGACGGCCAGT  GCTTAG  BC31  GGTAGGTAGCCAGTAAAACGACGGCCAGT  TAGCCA  TEM1FS-F  GTAAAACGACGGCCAGTGAATAATATTGAAAAAGGAAGC  -TEM1FS-R  CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTGTAAACTTGGTCTGACAGGAGC -ELP  GGTAGGCAAGCAGAAGACGGCAT  -TEM-F6  GCTTAAGAATAATATTGAAAAAGG  -TEM-R6 GAATTGTAAACTTGGTCTGACA -
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S3 Supplementary methods
S3.1 Media and antibiotics
We used Difco LB broth (BD) for growth and selection of all strains. For preparing competent cells, we used SOB media (Sigma). For recovery after electroporation we used SOC media, which we prepared by adding 20 mM glucose to SOB media. For antibiotic selection, we used kanamycin sulfate at 50 µg/L, chloramphenicol at 25 and 34 µg/l, ampicillin sodium salt (Sigma) at 25, 100, and 250 µg/L. We used saline (0.9 µg/L NaCl) to prepare serial dilutions for library size estimations.
S3.2 Strains
We used the E. coli strain DH5α for all cloning steps, including the preparation of TEM-1 libraries prior to selection in each cycle of the evolution experiments. The ribosomal mutant with increased mistranslation rate, rpsD12, was kindly provided by T. Nyström [45] . In order to minimize the probability of background mutations that could affect protein evolution, we transfered the rpsD12 allele into a fresh genetic background. To this end, we first used PCR-based recombineering [52] to integrate a kanamycin resistance cassette flanked by FRT sites [52] into the genome of the rpsD12 strain. The integration site was downstream of the rpoA operon. We isolated the genomic DNA from this construct, and used Phusion (Thermo Scientific) PCR to amplify the region spanning the mutation and the resistance cassette. We then used recombineering to integrate the PCR-amplified fragment into a clean MG1655 background (CGSC#7740). To avoid nonspecific mutations that might result from recombineering, we used P1 transduction to transfer the mutation linked to the kanamycin resistance cassettes into the MG1655 background. Finally, we removed the KanR cassette by transforming transductants with a flipase plasmid pCP20 [53] . We induced the flipase by growing transformed cells at 37
• C, and plating them on nonselective LB agar plates. We picked clones that were sensitive to kanamycin (resistance cassette was excised, leaving an FRT scar behind [52] ) and ampicillin (temperature sensitive pCP20 plasmid was lost). We confirmed the final construct (figure S6A) by colony PCR and Sanger sequencing.
To control for the presence of the FRT scar in the rpsD12, we repeated the same cloning procedure with wild-type MG1655 strain. The final construct (referred to as wild-type or normal strain in the rest of the manuscript) had a wild-type rpsD allele, and an FRT site at the same location as the error-prone rpsD12 strain (figure S6A).
S3.3 Plasmids
We used a high copy number plasmid with a chloramphenicol resistance marker, based on pHSG396 [46] , as a backbone for cloning and evolving TEM-1. First, we removed the lac promoter from the plasmid using Phusion PCR. Next, we introduced the coding region of TEM-1 with its constitutive promoter (pAMP) from pBR322 into the modified pHSG396 plasmid. The coding region of TEM-1 was flanked by SacI and HindIII restriction sites. We called this plasmid pHS13T (figure S6B). To facilitate gel extraction of vector backbones for recloning, we constructed a second vector, pHS13K. This vector differed from pHS13T by having a KanR cassette from pKD4 [52] as a filler sequence between SacI and HindIII sites. A majority of positions (176 out of 272) in the ancestral TEM-1 sequence have non-optimal codons, based on codon optimality indices in [12] .
S3.4 Electrocompetent cells
To ensure high and reproducible transformation efficiency across all strains, we used electroporation in all our transformations. We prepared electrocompetent cells by glycerol/mannitol density step centrifugation [54] . In short, we diluted 2 mL of an overnight culture in 200 mL SOB media. We incubated this culture with shaking (250 rpm) in a 2 L shake flask at 37
• C, until the OD 600 reached the values of 0.4-0.6. We chilled the culture in iced water for 15 min, and centrifuged at 1500 g and 4
• C, for 15 min in a 5810-R Eppendorf centrifuge with the F-34-6-38 rotor. We resuspended the pellet in 40 mL of ice-cold ddH 2 O, and split it into two 50 mL tubes. We slowly added 10 mL of ice-cold 20% (w/v) glycerol + 1.5 % (w/v) mannitol to the bottom of each tube with a 12 mL pipette. We centrifuged the suspension again at 1500 g at 4
• C for 15 min, with acceleration/deceleration set to zero. We removed the supernatant by aspiration, and resuspended the pellet in 1 mL of ice-cold 20% (w/v) glycerol + 1.5 % (w/v) mannitol. We aliquoted the cell suspension (80 µL for DH5α, and 50 µL for rpsD12 and wt strains) in 1.5 mL tubes, froze them in a dry ice-ethanol bath, and stored in -80
• C.
S3.5 Mutagenesis
To introduce genetic diversity into TEM-1 populations, we used a 25 cycle error-prone PCR with nucleoside analogues [21] . A 100 µL PCR reaction contained 10 ng of the template plasmid (pHS13T in the first round, and selected plasmid population in subsequent rounds), with 400 µM dNTPs (Thermo Scientific), 2.5 U Taq polymerase (NEB), Thermopol buffer (NEB), 3 µM 8-oxo-GTP and 3 µM dPTP (Trilink Biotechnologies), 400 nM of primers TEM1-F6 and TEM-R6 (table S8) . To remove the template plasmid, we treated the PCR product with the restriction enzyme DpnI for 2 h at 37
• C. Subsequently, we inactivated all enzymes by adding 0.6 U of proteinase K (Thermo Scientific) and incubated for 1h at 50
• C, followed by a 15 min proteinase K inactivation at 80 • C.
S3.6 Library cloning
We carried out the double restriction of the mutagenized TEM-1 pool with 20 U of SacI-HF and HindIII-HF (NEB) for 2h at 37
• C, followed by 20 minutes at 80
• C. We then purified double digested inserts with the QIAprep PCR purification kit (Qiagen) and eluted them in 2.5 mM Tris-Cl, pH 8.5. In parallel, we double digested the plasmid backbone by incubating pHS13K with 20 U of SacI-HF and HindIII-HF for 16 h. We gel purified the digested vector and dephosphorylated it by incubating with 5 U of Antarctic Phosphatase (NEB) for 1 h, followed by a 20 minute inactivation at 80
• C. We then ligated 19 ng of insert (TEM-1 pool) and 50 ng of digested and dephosphorylated vector in 20 µL reactions with 10 U of T4 DNA ligase (NEB) for 16h at 4
• C. We inactivated the T4 DNA ligase by incubating for 10 min at 65 • C. We precipitated the ligation product by adding 80µL of H 2 O, 20 µg of glycogen (Thermo Scientific), 50 µL of 7.5 M ammonium acetate (Sigma), and 2.5 volumes of ice-cold ethanol. We incubated the mixture at -80
• C for 20 min, centrifuged for 20 min at 18000 g, washed in 800 uL of 70% cold ethanol, centrifuged and washed again. We dried the pellet under vacuum for 15 min, and then resuspended in 15 uL of 2.5 mM Tris-Cl, pH 8.5.
S3.7 Preselection libraries
Because we derived the wild-type and the rpsD12 strain from a restriction-positive MG1655 strain, direct transformation of non-methylated ligation products would result in low transformation efficiency due to restriction. To ensure plasmid methylation before selection in wild-type and rpsD12 strains, we transformed ligation products into restriction-deficient DH5α cells. To this end, we mixed 80 µL of electrocompetent DH5α cells with 4 µL of the precipitated ligation product, and electroporated using a Micropulser electroporator (Bio-Rad) set on EC3 (15 kV/cm) and 0.2 cm electroporation cuvettes (Cell Projects). Immediately after electroporation, we added 1 mL of pre-warmed SOC media to transformed cells, and transfered the suspension to a 24-well plate. We allowed cells to recover by incubating the plate at 37
• C with shaking at 400 rpm for 1.5 h. After the recovery period, we centrifuged the plate and aspirated the supernatant from the plate. We resuspended the cell pellet in 5 mL of LB media supplemented with 34 µg/mL of chloramphenicol. We used a 50 µL cell suspension aliquot to estimate library size by making serial dilutions in saline and plating on LB agar plates with 20 µg/mL chloramphenicol. Through this procedure, we estimated library sizes to lie between 10 5 -10 6 sequences. We incubated transformed cells overnight at 37
• C with shaking at 320 rpm. The next morning, we stored 1 ml of the overnight culture as a glycerol stock, and used the rest to purify plasmids with a QIAPrep miniprep kit (Qiagen).
S3.8 Selection
We transformed 50 µL of electrocompetent rpsD12 or wt cells with 1 µL of purified preselection libraries. The electroporation and recovery procedures were the same as for preselection libraries. After 1.5 h of recovery in 1 mL SOC media, we prepared serial dilutions from 50 µL of cell suspension, and plated the dilution on LB agar plates with 20 µg/mL chloramphenicol to estimate the library size. Through this procedure, we estimated library sizes to lie between 10 8 -10 9 sequences. We centrifuged the remaining recovered cell suspension for 15 min at 2000 g, and resuspended cell pellets in 3 mL LB with 34 µg/mL chloramphenicol, and 25 µg/mL, or 250 µg/mL of ampicillin, for relaxed and stringent selection, respectively. Selection lasted for approximately 6 generations (2:07 h for wild-type, 4:23 h for rpsD12), after which we isolated plasmids using the QIAPrep miniprep kit (Qiagen).
S3.9 Control libraries
To estimate mutation rates in each mutagenesis cycle, we constructed two control libraries per host strain. These libraries were subject to the same procedure as libraries under selection, except that the selection media contained only 34 µg/mL chloramphenicol and no ampicillin. We subjected these control libraries to a single round of evolution.
S3.10 Sequencing library preparation and SMRT sequencing
We amplified libraries from the last (8th) round of selection in a two step PCR ( figure S6C ). In the first step, we used a 25-cycle PCR with the Phusion polymerase to amplify the coding region of TEM-1 with TEM1FS-F and TEM1FS-R primers (table S8) . We gel purified PCR products and used them as templates for a second 25-cycle PCR with barcoded primers BCXX and ELP (see table S8 for primer sequences). We used 6 bp-long barcodes described in [55] . We purified PCR products from the second PCR using a QIAprep PCR purification kit (Qiagen). To check the quality and concentrations of amplicons in each library, we used the Agilent 2200 TapeStation System (Agilent Technologies). To account for sequencing and library preparation errors, we amplified and barcoded an additional library from an ancestral TEM-1 sequence. Finally, we combined 20 ng of DNA from each library to create a final amplicon pool for sequencing. We produced a SMRTbell library from the amplicon pool with the DNA Template Prep Kit 2.0 (250bp -3Kb) (Pacific Biosciences p/n 001-540-726). To this end, we inspected amplicon size and integrity on an Agilent Bioanalyzer 2100 1Kb DNA Chip. We then used polishing enzymes to end-repair 500-750 ng of DNA from the amplicon pool.Subsequently, we created the SMRTbell template by blunt end adapter ligation. After that,We used the Agilent Bioanalyzer 12Kb DNA Chip and a Qubit Fluorimeter (Life technologies) to confirm the quality of DNA in the library and estimate its concentration. Finally, we used a DNA/Polymerase P4 binding kit (Pacific Biosciences) according to the manufacturer instructions to create a ready-to-sequence SMRTbell-Polymerase Complex. We programmed the Pacific Biosciences RS2 instrument to sequence the library on 2 SMRT cells v3.0 (Pacific Biosciences), using P4/C2 chemistry, the magnetic bead loading method, and taking 2 movies of 180 minutes. After the run, we generated a sequencing report via the SMRTportal, in order to assess adapter dimer contamination, sample loading efficiency, average read-length, and the number of filtered sub-reads.
S3.11 Primary data analysis
We assembled consensus reads of TEM-1 variants (reads of insert) from subreads using the SMRTAnalysis v2.3 package. We filtered reads of insert according to a) the minimum number of full pass subreads (4), b) the minimum predicted consensus accuracy (0.9), and c) read of insert length (850-1200 bp). With a mean number of ≈13.5 passes per read of insert, this procedure resulted in 51,555 reads, with a mean read length of 979 bp, and an average read quality of ≈0.98. We mapped reads to the reference (ancestral) TEM-1 sequence using BLASR [47] with a minimum accuracy of 0.9, and a minimum mapped length of 850 bp. The resulting total number of mapped reads was 51,365, with the average mapped read length being 973 bp. The mean mapped subread concordance was 0.97 We further filtered mapped reads to include only those reads with average Phred quality > 20, and spanning the entire coding region of the TEM-1 reference in the alignment. We demultiplexed the filtered set of reads according to their barcodes, using custom Python scripts based on the pbcore module (http://github.com/PacificBiosciences/pbcore). The final set of reads (32,032 sequences) contained only sequences whose barcodes perfectly matched those we used during library preparation. Because indels are a major source of errors for SMRT sequencing, and because more than 98 % of indels in TEM-1 are loss-of-function mutations [38] , we focused our analysis on point mutations. We considered a mismatch of a TEM-1 sequence read to the reference TEM-1 sequence a true SNPs only if its Phred quality score was above 20 (see table S1 for summary statistics). We repeated all the analyses with the Phred quality score filter of 0, 10, 30 and 40, but this did not change any of the results. A small fraction (less than 1%) of sequences lacked a stop codon, or had an internal stop codon. We excluded these sequences from the analysis.
